Head trauma was induced in rats by a weight drop device, falling over the exposed skull over the left hemisphere. The neurological state of the rats was evalu ated by a neurological severity score at 1 h and 18 h post head trauma. At 18 h post head trauma, rats were decapi tated and tissue from the vicinity of the injury and from a corresponding area in the contralateral hemisphere was taken for specific gravity (SO) determination using linear gradient columns. Slices were taken from the same sites for incubation in Krebs-Ringer solution, and the concen trations of prostaglandin (PO)E2, 6-keto-POF1a, and thromboxane B2 accumulated in the medium during 1 h were measured by radioimmunoassay. In one experi mental group, rats were pretreated with intraperitoneal dexamethasone sodium phosphate (4 mg/kg) 18 and 2 h before head trauma, and a third dose was given 8 h post head trauma. Another group was treated with intraperi toneal indomethacin (10 mg/kg) I h before and 7 h after head trauma. Other groups were treated immediately and 395 8 h after head trauma with 4, 8, 15, or 30 mg/kg of dexa methasone sodium phosphate. Another group of rats was treated with free dexamethasone (10 mg/kg) right after head trauma and 8 h later. Head trauma induced edema, as expressed by decreased SO, in the left hemisphere of all traumatized rats. Neither treatment protocol affected the neurological severity score of the injured rats or the SO of the contused hemisphere. PO synthesis, on the other hand, was significantly reduced following indo methacin or free dexamethasone, both in sham and trau matized rats, but not in dexamethasone sodium phos phate-treated rats. We conclude that pretreatment with indomethacin, dexamethasone sodium phosphate, or dexamathasone, used in the present protocols, does not affect posttraumatic cerebral edema. Thus, the role of POs as mediators of edema formation remains unclear.
Various cerebral insults trigger the release of ara chidonic acid from phospholipids of the cell mem branes, and the free acid is further metabolized by both cyclooxygenase and lipoxygenase (Bazan, 1970; Samuelsson et ai., 1979; Wolfe and Coceani, 1979; Wolfe, 1982) . The eicosanoids thus formed may then contribute to vasodilation, plasma exuda tion, and development of cerebral edema (Iannotti et ai., 1981; Chan et ai., 1983) . Arachidonic acid injection has been shown to induce edema in brain slices (Chan and Fishman, 1978) and in vivo (Chan et ai., 1983) , and some of its metabolites via both pathways are known to promote capillary perme ability (Moncada and Vane, 1979; lakschik et ai., 1980) . It has also been shown that ischemia triggers the production of prostaglandins (PGs) (Gaudet and Levine, 1979; Shohami et ai., 1982; Kempski et ai., 1987) and leukotrienes (Moskowitz et ai., 1984; Dempsey et aI., 1986) , and a role has been sug gested for these metabolites in increasing vasoper meability following ischemia.
Brain ischemia and edema are considered to be most important mechanisms in the production of secondary brain dysfunction and damage following clinical (Graham et aI., 1978; Miller, 1985) and ex perimental (Chan et aI., 1984) head injury. Thus, pathophysiological mechanisms, mediated by in creased PG production and proven experimentally in models of cerebral ischemia, may well be appli cable to those occurring after severe head injury.
We have recently reported the increased produc tion of PGs following closed head injury in rats (Shohami et aI., 1987a) . PGE2 synthesis was in creased mainly in the contused hemisphere. The time course of its increased synthesis seemed to parallel the decrease in tissue specific gravity (SG) (i.e., edema formation).
Glucocorticoids (e.g., dexamethasone) and non steroidal antiinflammatory drugs like aspirin and indomethacin are known as inhibitors of PG syn thesis (Flower, 1974; Hirata, 1981) . It has been re cently shown. that dexamethasone is effective in lowering PG production in the brain (Weidenfeld et aI., 1987) , while the effect of nonsteroidal antiin flammatory drugs in this context is well docu mented (Flower, 1974) . Indomethacin was shown to inhibit increased PG production and to abolish the decrease in local cerebral glucose utilization that occurred in traumatized brain, but had no effect on local cerebral blood flow (Pappius and Wolfe, 1983) . In another report, indomethacin was shown to improve postischemic cerebral perfusion (Furlow and Hallenbeck, 1978) .
The clinical use of glucocorticoids in the manage ment of acute head injury is widespread. Their ben eficial effect is, however, controversial, and their mechanism of action is not clear. Despite early re ports on the salutary effects of megadoses of dexa methasone in clinical severe head injury (Faupel et aI., 1976; Gobiet, 1976) , other reports show no re duction in intracranial pressure, nor improvement of outcome (Gudeman et aI., 1979; Deardeu et aI., 1986) . Moreover, in experimental models of cere bral trauma, dexamethasone was found to have no effect on water content (Benson et aI., 1970; To rn heim and McLaurin,' 1978) .
The present study was designed to investigate the effects of dexamethasone and indomethacin on edema, neurological state, and PG synthesis after closed head injury in rats. We have previously shown in our model of experimental blunt head in jury that the peak of PG production and of edema formation occurs at 18 h post impact (Shohami et aI., 1987a) . We therefore chose this point in time for the evaluation of the effects of these drugs in the same animal model.
MATERIALS AND METHODS
This study used adult male Sabra rats (strain of the He brew University), weighing 340 ± 52 g (SD). Under light ether anesthesia the scalp was incised longitudinally and separated to expose the underlying skull. In the appro priate groups, blunt head injury was inflicted over the ex-
posed skull overlying the left brain hemisphere by a weight-drop device specifically designed for this purpose (Shohami et aI., 1987a; Y. Shapira et aI., 1988) . Briefly, the device is made of a free-falling platform (weighing 1,600 g) from the center of which protrudes a silicone covered rod that hits the skull as it is allowed to fall. The energy delivered to the skull is proportional to the dis tance of the fall and a correlation was found between the energy and the damage developed following the head trauma.
Several rats originally designated for the experimental head trauma groups died of apnea and/or massive saggital sinus hemorrhage immediately after impact and were ex cluded from the study. All the animals that survived a period of 5 min after impact breathed spontaneously and lived until the planned time of death at 18 h post trauma. They were allowed free chow and water in their cages. Postoperative care was given and they did not seem to need any analgesics.
The surviving rats were divided into 10 groups (n = 8 each) as follows: Group A, underwent sham operation that consisted of exposure of the skull without incurring blunt trauma or receiving any treatment; Group B, re ceived intraperitoneal injections of indomethacin 10 mg/kg twice, immediately and 8 h after sham operation; Group C, received intraperitoneal dexamethasone so dium phosphate 15 mg/kg twice, immediately and 8 h after sham operation; Group D, underwent head trauma but was not treated; Group E, received indomethacin 10 mg/kg twice, 1 h before and 7 h after head trauma; Group F, received dexamethasone sodium phosphate 4 mg/kg i.p. in three separate doses, 18 and 2 h before and 8 h after head trauma; Groups G-J, received two injections of dexamethasone sodium phosphate 4, 8, 15 and 30 mg/kg i. p., respectively, immediately and 8 h after head trauma.
Four additional groups (n = 5 -11) of rats were used for another experiment where the effect of free dexa methasone (Sigma Co. Ltd.) dissolved in saline/ethanol (10: 1) was studied to compare with dexamethasone so dium phosphate. Sham or traumatized rats were either not treated or treated with 10 mg/kg immediately and 8 h after sham operation or head trauma.
The neurological status of the rats was evaluated twice: once I h after trauma or sham, and again just prior to death. This was done by a neurological severity score, which we developed in an attempt to define the clinical condition of the rats following trauma. The neurological severity score consists of a maximal score of 6 points 1 h after head trauma and a maximal score of 4 points 18 h post-head trauma (Table 1) . To compare the score at 18 h post-trauma with that at 1 h, the score at 18 h was nor malized by a factor of 6/4. All the rats were decapitated, and their brains immedi ately removed (42 ± 5 s) 18 h after head trauma or sham operation. Tissue samples of �20 mg each were hand cut on an ice-cold plate from an area just next to the zone of maximal macroscopic damage in the left hemisphere and from the corresponding contralateral area of the right hemisphere. The slices were incubated at 37°C in oxy genated Krebs-Ringer solution for I h for determination of endogenous production of PGs (Shohami and Gross, 1985) . Brain production of PGE2, 6-keto-PGF1a (the stable metabolite of PGI2), and thromboxane (TX) B2 (the stable metabolite of TXA2) was determined by radioim munoassay using 3H-PGs (100-200 Ci/mmol; New En- gland Nuclear) and specific rat antibodies (Dr. L. Levine, Brandeis Univ., Waltham, MA, U.S.A.) that had <0.1% cross-reactivity with all major PGs. The remaining tissue segments of each hemisphere (-0.5 g) were placed on top of linear gradient columns for determination of SG. The SG of brain tissue was deter mined according to the method of Marmarou et al. (1978) , who modified the technique of Nelson et al. (1971) , using linear gradient columns of kerosene and bromobenzene.
In a group of 10 rats, a polyethylene catheter (PE-50; Clay Adams) was implanted in the femoral artery. Sys tolic and diastolic blood pressures were recorded on a Grass polygraph before head trauma and at different time points following it, from I min to 18 h.
Statistical analysis
Data presented in the text, tables, and figures are means ± SEM. PG and SG levels in sham, traumatized, and treated rats were compared by two-way analysis of variance followed by the Student-Newman-Keul test for multiple comparisons. In addition, the nonparametric Kruskal-Wallis test was performed on each hemisphere, comparing the six different experimental groups (A-F). Significance was reached at a p level of <0.05. Spearman's rank correlation test was used to correlate between neurological severity score and SG. Since there are a large number of ties (no. of observations = 46 and rank 1-6), the appropriate correction of the equation has been made.
RESULTS

Blood pressure
The calculated MABP recorded before injury was 99 ± 4 mm Hg. As a result of the impact, a slow transient increase was measured. It reached a maximum of 118 ± 5 mm Hg (p < 0.01, as com pared with control) at 10 min and returned toward normal by 15 min. At 8 and 18 h after head trauma, the MABP was similar to that at the preinjury per iod.
Neurological severity score
The mean neurological severity score at 1 h post head trauma for all groups was 2.9 ± 0.12 (out of a maximum of 6). At 18 h a significant (p < 0.01) re-duction in the score to 0.83 ± 0.10 was observed (out of a maximum of 4), indicating stabilization and/or partial neurological recovery. There was no significant difference in the neurological severity score between all the experimental (traumatized) groups, either treated with indomethacin or dexa methasone (dexamethasone sodium phosphate or free dexamethasone) or not treated, at both 1 and 18 h.
Pretreatment with indomethacin and dexamethasone SG. Brain tissue SG at 18 h post head trauma is depicted in Fig. 1 for the contused and contralateral hemispheres of Groups A -F, namely, the untreated rats and those that were pretreated with either in domethacin or dexamethasone sodium phosphate before being traumatized. The SG of the left con tused hemisphere of the groups subjected to head trauma was statistically lower (p < 0.01) than that of the noncontused hemisphere, indicating that brain edema developed in the left hemisphere of all groups with head trauma, irrespective of whether they were pretreated or not. The SG of the left hemisphere of the traumatized rats treated with in domethacin (Group E) was lower than that of the untreated traumatized group (Group D), but the difference was not statistically significant. There was no statistically significant difference in SG of either right or left hemisphere between the three experimental groups with head trauma (Groups D-F). Similarly, there were no differences in SG of the right noncontused hemispheres between sham and head trauma rats. A significant correlation was found in the trau matized rats, using the Spearman test, between the neurological severity score at 1 h (r = 0.418, n = 46, p < 0. 05) as well as at 18 h (r = 0.589, n = 46, p < 0.01) post head trauma and the SG of the con tused brain hemisphere.
Brain PG synthesis. Figures 2-4 depict the ef fects of indomethacin and dexamethasone sodium phosphate pretreatment on the rate of synthesis of PGEz, TXBz, and 6-keto-PGF1ct on sham-operated and on traumatized rats at 18 h post head trauma. It is evident that indomethacin significantly reduced the basal rate of synthesis of all PGs in both hemi spheres in the sham rats (p < 0.01; Group B), while dexamethasone sodium phosphate (Group C) did not significantly alter their production.
The effect of head trauma on the production by both hemispheres of the various PGs is also shown in Figs. 2-4 (Group D). It is clear that a major and significant increase (p < 0. 01) occurred in the rate of PGEz synthesis in the left contused hemisphere at 18 h post head trauma (Fig. 2) . This increase was abolished by pretreatment with indomethacin (Group E). Dexamethasone sodium phosphate, however, had no effect on the increased rate of PGEz synthesis at 18 h post head trauma (Group F). The synthesis of TXB2 (Fig. 3) Rats were killed 18 h post head trauma and brain slices were incubated for 1 h in Krebs-Ringer solution. Groups are as in Fig. 1. ' (Group D) was slightly above the control rate (Group A), and indomethacin (Group E) reduced it to the levels found for the indomethacin-treated sham rats (Group B). Again, no effect of dexameth asone sodium phosphate was noticed on TXB2 syn thesis (Group F). The rate of 6-keto-PGF1ct (Fig. 4) was higher (p < 0.01) in the left hemisphere at 18 h post head trauma (Group D), but indomethacin in hibited this increase. The rate of 6-keto-PGF1ct syn thesis at 18 h post head trauma in the rats pre treated with indomethacin was similar to that found in sham rats treated with the same drug. Dexameth asone sodium phosphate had no effect on 6-keto PGF1ct synthesis (Group F). To summarize these results, it is apparent that in domethacin was effective in inhibiting both basal and trauma-induced synthesis of all PGs, whereas dexamethasone sodium phosphate, using the present protocol at 18 and 2 h prior to and 8 h post impact, was not similarly effective .
Postimpact treatment with high-dose dexamethasone sodium phosphate
The effect of high doses of dexamethasone so dium phosphate (4, 8, 15, and 30 mg/kg), given im mediately after trauma and 8 h later (Groups G-J), is demonstrated in Ta bles 2 and 3. The SG of the left hemisphere of all injured rats, whether treated or not, was significantly lower than that of the non contused hemisphere (p < 0.01), indicating that brain edema had developed irrespective of dexa methasone sodium phosphate treatment ( Table 2) .
The production of PGs was studied in nontrau- Wallis significance is p < 10-4 and p = 0.0021 for the left and right hemispheres, respectively.
matized rats treated with 4 or 20 mg/kg dexametha sone sodium phosphate. Ta ble 3 summarizes these results. It is apparent that PG synthesis was unaf fected by any of the doses of dexamethasone so dium phosphate given.
These results contrast with those of our previous report where significant inhibition of PG synthesis by dexamethasone was shown (Weidenfeld et al., 1987) . We therefore chose to focus on the differ ence between the drug preparation used in the present study (dexamethasone sodium phosphate) and the one used previously (free dexamethasone). While in our original study we used a free form of dexamethasone, in the present experiment, dexa methasone sodium phosphate (i.e., the water-sol uble ester derivative that is frequently used clini cally) was employed. We designed, therefore, an other experiment where the effect of free dexamethasone on SG and on basal and head trauma-induced production of PGs was studied. The results of this experiment are depicted in Ta ble 4. They indicate that the free preparation of dexa methasone indeed inhibited the synthesis of PGEz and TXBz in both the traumatized and the sham operated rats.
DISCUSSION
The results of the present study confirm our pre vious findings that edema develops in the contused (left) hemisphere 18 h fol lowing experimental head trauma in rats. The de crease in tissue SG is associated with increased PG production, mainly PGEz. Even though our earlier study suggested a temporally related rise in edema and PGEz synthesis, in the present study we failed to demonstrate a causal relationship between these two variables with the particular protocols used.
Rats inflicted with head trauma were pretreated with either dexamethasone sodium phosphate or indomethacin, but these drugs did not significantly affect the decrease in SG 18 h after injury (Fig. 1) . Neither did the administration of dexamethasone sodium phosphate or indomethacin have an effect on the SG of sham-operated rats, i.e., on the basal SG of the tissue. These latter findings agree with those reported by Chan et al. (1983) who demon strated that neither indomethacin nor dexametha sone per se had an effect on brain water content of control animals. These investigators induced vaso genic brain edema in rats by intracerebral injection of arachidonic acid. In their study edema was re duced in the experimental animals by dexametha sone 10 mg/kg i.m. administered immediately prior to the injection of the acid, while indomethacin 10 mg/kg did not alter the edema induced by arachi donic acid. Our results following head trauma agree with those of Chan et al. with regard to the lack of effect of indomethacin on edema formation. How ever, in our model dexamethasone in both forms (sodium phosphate and free) was ineffective as well.
Gamache and Ellis (1986) induced brain inflam mation in mice by intraventricular injection of car rageenan, which resulted in increased water con- tent and vascular permeability. Pretreatment with dexamethasone had no effect on the increased water content but inhibited the permeability in crease. Indomethacin failed to attenuate the in duced increase in permeability and in brain water content. The authors suggest that the lack of effect of indomethacin results from exclusion of the drug from the brain. Our present results agree with this report regarding the effect of both drugs on water content (SG in our measurements). However, we show here, as we did before (Shohami et aI., 1982; Shohami and Gross, 1985) and as others have re ported (e.g., Gaudet and Levine, 1979; Pappius and Wolfe, 1983) , that indomethacin does significantly reduce PG synthesis in the brain, although the cel lular source of PG synthesis is not yet fully clear. Thus, the role of PGs in the development of vaso genic brain edema needs to be further explored. Chan and colleagues attributed the beneficial ef fect of dexamethasone to its properties as a mem brane stabilizer (Demopoulos et aI., 1972) rather than to inhibition of PG synthesis. In their model exogenous arachidonic acid was administered; thus, activation of phospholipase A2 and hydrolysis of membrane phospholipids were bypassed. A bene ficial effect of glucocorticoids on traumatized mice (Hall, 1985) was also reported following administra tion of a very high dose a few minutes post injury. This author suggests that the mechanism by which the steroids exert their action under these condi tions is by their effect on cell membrane integrity and inhibition of free radical lipid peroxidation rather than by specific inhibition of PG synthesis.
In our previous report we showed increased pro duction of PGs following head trauma (Shohami et aI., 1987a) . We proposed that, as a result of trauma, there is an increased availability of endogenous ar achidonic acid (presumably from phospholipase A2 activation) and it might have a role in the develop ment of brain edema. We intended, therefore, to in vestigate the effect of dexamethasone in relation to the arachidonic acid cascade in this model. The ef fect of dexamethasone sodium phosphate on PG synthesis was thus studied, but no reduction in the synthesis of any of the PGs was noticed (Figs. 2-4). Weidenfeld et al. (1987) reported reduced Rats were treated with free dexamethasone (D; 10 mg/kg i.p.) immediately and 8 h after HT. n = no. of rats. a p < 0.05 as compared with the same hemisphere in sham-treated rats. b p < 0.01 as compared with the same hemisphere in sham-treated rats.
synthesis of PGs, mainly in the cortex of normal rats, when free dexamethasone was administered 18 and 2 h prior to decapitation, suggesting that some brain regions are capable of synthesizing a phospholipase A2 inhibitory protein (Hirata, 1981) . We therefore speculated that our failure to notice any effect of dexamethasone sodium phosphate on PG synthesis could be attributed to (a) different dosage and timing of drug administration and PG measurements, which might be crucial for the ex pression of the phospholipase A2 inhibitor; or (b) different drug preparation, which might affect its li pophilic properties and ability to cross the blood brain barrier.
To study the effect of dose and timing of dexa methasone sodium phosphate administration on edema formation, we treated the rats with the same dose (4 mg/kg) as in the first protocol, but injected it immediately and 8 h after head trauma. Thus, the effect as "membrane stabilizer" could be exerted. We then increased the dose of dexamethasone so dium phosphate, given after trauma, to investigate the effect of a very high dosage of the drug (up to 30 mg/kg). In none of these treatments was the SG af fected by dexamethasone sodium phosphate, as shown in Table 2 . We chose only two doses (4 and 20 mg) of dexamethasone sodium phosphate to study its effect on basal PG synthesis (sham-oper ated rats), and, neither was effective in reducing PG synthesis ( Table 3) .
Since we had previously shown that dexametha sone (4 mg/kg) did inhibit PG synthesis in rat cortex (Weidenfeld et aI., 1987) , we compared the two preparations of the drug, namely, free dexametha sone, used previously, and dexamethasone sodium phosphate, used in this study. The present results with free dexamethasone ( Table 4 ) confirm our pre vious findings that dexamethasone is indeed effec tive in inhibiting PG synthesis in the brain; it ap pears, however, that dexamethasone sodium phos phate, the water-soluble form, is not effective. This might be due to difficulty in crossing the blood brain barrier in the charged form, although its lack of effect following head trauma, when the barrier has probably been disrupted, suggests that this is not the sole reason for the lack of dexamethasone sodium phosphate effect in the brain. Another hy pothesis might be that prior to its action, dexameth asone sodium phosphate should be hydrolyzed to yield the free, active drug. The brain might lack the enzyme (phosphatase) needed for this transforma tion.
Indomethacin, which had no effect on brain SG, was effective in reducing PG synthesis both in sham and in traumatized rats (Figs. 2-4) . These results agree with those of Pappius and Wolfe (1983) who traumatized brains with cold injury and found in creased PG production that was abolished by indo methacin. The inhibition of PG synthesis without a concomitant effect on the SG in our experiment may point to the fact that PGs have no role in the development of edema. On the other hand, the role of arachidonic acid itself in the production of brain edema had been established (Fishman and Chan, 1981; Chan et aI., 1983) . It may therefore be sug gested that the lipoxygenase pathway might be in volved in the mechanism of edema formation. By blocking the cyclooxygenase pathway with indo methacin, free arachidonic acid may reasonably be diverted to be metabolized by lipoxygenase, and this might account for the slight decrease in SG of the contused hemisphere following indomethacin administration. Moreover, 5-lipoxygenase has been shown to be stimulated following ischemia (Dempsey et aI., 1986; Shohami et aI., 1987b) and in the present model of trauma (unpublished data). Thus, further studies elucidating the lipoxygenase pathway in our model are required.
The present results cannot support the use of glucocorticoids in the management of head trauma. Two recent reports show increased survival of head-injured patients receiving methylprednisolone (Jane et aI., 1982; Giannotta et aI., 1984) . In both reports the pharmacological intervention was begun within 6 h of injury with a relatively high dose of the drug. However, in the particular protocols used in the present study, no reduction of edema forma tion, no inhibition of PG synthesis, and no improve ment of neurological outcome were observed when dexamethasone sodium phosphate was used. PG synthesis was inhibited only by free dexametha sone, with no effect on SG or on neurological out come. Thus, the role of the arachidonic acid metab olites studied here in the pathogenesis of brain in jury is still unclear.
